Merlin, the product of the NF2 tumor suppressor gene, is closely related to the ERM (ezrin, radixin, moesin) proteins, which provide anchorage between membrane proteins and the underlying cortical cytoskeleton; all four proteins are members of the band 4.1 superfamily. Despite their similarity, the subcellular distributions and functional properties of merlin and the ERM proteins are largely distinct. Upon cell-cell contact merlin prevents internalization of and signaling from the epidermal growth factor receptor (EGFR) by sequestering it into an insoluble membrane compartment. Here we show that the extreme amino (N) terminus directs merlin biochemically to an insoluble membrane compartment and physically to the cortical actin network, with a marked concentration along cell-cell boundaries. This insoluble-membrane distribution is required for the growth-suppressing function of merlin and for the functional association of merlin with EGFR and other membrane receptors. Our data support a model whereby locally activated merlin sequesters membrane receptors such as EGFR at the cortical network, contributing to the long-held observation that the cortical actin cytoskeleton can control the lateral mobility of and signaling from certain membrane receptors.
With the identification of the neurofibromatosis type 2 (NF2) tumor suppressor gene in 1993, it was immediately appreciated that the NF2-encoded protein, merlin, was a member of the band 4.1 superfamily of membrane-associated proteins and thus a novel type of tumor suppressor (40, 50) . Although studies of NF2 in humans and mice suggest a broad role for NF2 loss in tumorigenesis and in tumor progression (9, 12, 19, 31, 32) , the mechanism whereby merlin controls cell proliferation has only recently begun to be elucidated (reviewed in reference 33) .
Merlin is closely related to the ERM (ezrin, radixin, moesin) proteins, which are thought to organize specific membrane domains by providing regulated anchorage between the membrane and underlying cortical actin cytoskeleton (reviewed in references 4 and 33). All four proteins contain an amino (N)-terminal FERM (four-point one, ezrin, radixin, moesin) domain, which mediates membrane association, are regulated by conformation-dependent changes in localization, and share common interacting partners. Nevertheless, the ERM proteins cannot functionally compensate for merlin, which is required for embryonic development in mice, flies, and worms (10, 31; J. Gervais, J. Satterlee, and A. I. McClatchey, unpublished data); similarly, in contrast to merlin, the ERM proteins are not known to function as tumor suppressors and loss of ERM function in mammals, flies, and worms is not associated with altered proliferation. While the subcellular distributions of merlin and the ERM proteins can overlap, they are often distinct. For example, in cultured cells, merlin and the ERM proteins are often concentrated in dynamic membrane structures, such as lamellipodia, filopodia, and sites of cell-cell adhesion (8, 14, 17, 25, 43) . However, in highly polarized cells the localization of merlin and the ERM proteins is more discrete. In Drosophila melanogaster epithelial tissues, the single ERM orthologue moesin exhibits a uniform, apical and apicojunctional distribution while merlin exhibits a more punctate localization to the apical junction region and adjacent cytoplasm (30) . In Caenorhabditis elegans ERM-1 distributes uniformly along the apical surfaces of non-cuticle-expressing tubular organ epithelia while NFM-1 (the product of the worm NF2 orthologue) is enriched along the basolateral surfaces (extending to the apical junction) of tubular epithelia (13) . Furthermore, unlike ezrin, which is largely detergent soluble, a large fraction of merlin is insoluble (7, 48) . Together these observations suggest that the distinct activities of merlin and the ERM proteins may be in part due to their partitioning within the cell.
The phenotypic consequences of loss of merlin or ERM function are consistent with functional partitioning of their activities. Thus, in mammalian, Drosophila, and C. elegans epithelial tissues ERM function is required for establishing or maintaining the integrity of the apical epithelial surface (2, 6, 13, 21, 42, 47) . In contrast, accumulating evidence suggests that merlin mediates contact-dependent inhibition of proliferation (7, 18, 25, 35, 45) , and we have found that merlin localizes to and stabilizes adherens junctions between cells (25) . Thus, the ERM proteins appear to be dedicated to providing apical membrane-cytoskeleton linkage while merlin may perform a similar role in stabilizing the apical junction region.
Recent studies suggest that merlin and the related tumor suppressor, expanded, can control the surface abundance of certain membrane receptors including the epidermal growth factor receptor (EGFR) in Drosophila tissues (29) . Similarly, we have found that, in contacting mammalian cells, merlin physically associates with the EGFR via the tandem PDZ domain-containing adaptor NHE-RF1 (Na ϩ hydrogen exchanger regulatory factor 1) and sequesters the EGFR into an insoluble membrane compartment from which it can neither internalize nor signal (7) . Although these two studies seem to reach differing conclusions as to how merlin regulates membrane receptor surface availability-in one case stabilizing surface levels and the other promoting turnover-the primary function of merlin in both cases could be to retain receptors in a certain membrane compartment. To better delineate the molecular mechanism whereby merlin controls the surface availability of certain membrane receptors, we sought to understand how the membrane distribution of merlin itself is controlled. We have found that the N-terminal 17 amino acids of merlin, which form an extension not found in the ERM proteins, confer the distinct insoluble-membrane distribution of merlin relative to the ERM proteins. We also found that the ability of merlin to inhibit cell proliferation and to negatively regulate EGFR internalization and signaling depends on its insoluble-membrane distribution and its ability to stably decorate the cortical actin network. We propose a model wherein local activation of merlin from the cortical actin cytoskeleton controls the lateral mobility of and signaling from certain surface receptors (23, 24) .
MATERIALS AND METHODS

Cell culture. Mouse Nf2
Ϫ/Ϫ immortalized fibroblasts and epithelial Nf2
liver-derived cells (LDCs) were generated as previously described (7, 45) . Cell confluence is defined in reference 7. For jasplakinolide (Molecular Probes; J-7473) treatment, confluent LDCs were treated at 2 M for 1 h at 37°C prior to fixation. Primary Schwann cells were isolated from embryonic day 13.5 Nf2 lox/lox embryos, cultured as described in reference 38, infected with an adenovirus expressing the Cre recombinase (Ad-Cre), and reinfected with Ad-Nf2 wt or Ad-Nf2 18-595 . Plasmids. Generation of pCDNA3 (Invitrogen), encoding wild-type and L64P-containing mouse Nf2 cDNAs, was previously described (25, 45) . Ezrin cDNA in pCDNA3.1 was a kind gift from Reuben Shaw. Both Nf2 and Ez were created via PCR amplification of the mouse Nf2 and Ezrin coding regions and then cloned into pCDNA3 and the pBMN-GFP retroviral vector (Orbigen), respectively. For Ez , Nf2 residues 1 to 18 were appended to the N terminus of full-length ezrin in place of the N-terminal methionine. Nf2 15-17A were also cloned into the adenoviral vector pAdEasy-1 (MP Biomedicals), and adenoviral infection with Ad-Nf2 wt and -Nf2 18-595 was performed as described in reference 25.
Subcellular fractionation. Subcellular fractionation was performed as previously described (25) with the final insoluble pellet boiled in modified radioimmunoprecipitation assay buffer containing 0.5% sodium dodecyl sulfate.
Antibodies. Primary antibodies were from Abcam (NHE-RF1, ab3452), Babco (ezrin, MMS-143R; 1:500), Becton Dickinson (5-bromo-2-deoxyuridine [BrdU], 347580), Biosource International (Src-pY418, 44-660; 1:1,000), Calbiochem (cyclin D1, CC12; 1:500), Cell Signaling (EGFR-pY845, 2231; EGFR-pY992, 2235; EGFR-pY1068, 2234; Raf-pS259, 9421; STAT3-pY705, 9138; all at 1:1,000), NeoMarkers (ezrin, Ab-1; EGFR, Ab-17), Santa Cruz (NF2, sc-331 and sc-332; 1:20,000; anti-EGFR, sc-03; 1:1,000), Sigma (actin, A-4700; 1:5,000), Transduction Labs (p120ctn-pY228, 612537; 1:2,000; caveolin-pY14, 611338; 1:1,000; Ecadherin, 610182; 1:1,000; paxillin, P13520). Horseradish peroxidase-conjugated secondary anti-mouse and anti-rabbit antibodies were from Amersham. All dilutions are for immunoblotting.
Indirect immunofluorescence and confocal imaging. Coverslips containing confluent LDCs were prepared in three ways. For fix 1, cells were fixed for 10 min in 3.7% formaldehyde in cytoskeletal buffer [CB; 10 mM 2-(N-morpholino)-ethanesulfonic acid sodium salt (MES), pH 6.1, 138 mM KCl, 3 mM MgCl 2 , and 2 mM EGTA] and subsequently permeabilized for 5 min in 0.5% Triton X-100 in phosphate-buffered saline (PBS). For fix 2, cells were simultaneously fixed and permeabilized in 1% formaldehyde and 2% Triton X-100 in CB for 15 min. For fix 3, cells were washed in 1% Triton X-100 lysis buffer for 30 min on ice, washed once in PBS, and then fixed for 10 min in 3.7% formaldehyde in CB. All coverslips were processed by fix 1, unless noted otherwise. Coverslips were blocked in 10% goat serum in PBS for 30 min and incubated overnight at 4°C with anti-NF2 (sc-332; 1:1,000), -ezrin (Ab-1; 1:200), -NHE-RF1 (ab3452l; 1:100), or -paxillin (P13520; 1:100) antibodies in 10% goat serum in PBS. Coverslips were rinsed five times in PBS, incubated for 1 h at room temperature in fluorescein isothiocyanate-or Cy3-conjugated secondary antibodies (Jackson Immunoresearch Laboratories), and mounted (Vectashield; Vector). Nuclei were stained with DAPI (4Ј,6Ј-diamidino-2-phenylindole dihydrochloride) or TOTO-3 iodide (Molecular Probes). Two-dimensional images were acquired using a Zeiss Plan Fluor 63ϫ, 1.4-numerical-aperture (NA) oil objective lens on a Zeiss Axioplan microscope with IP Lab software and a Sony charge-coupled device camera. Z sections were acquired using a Zeiss Plan Fluor 40ϫ, 1.3-numerical-aperture oil objective lens on a Zeiss LSM 510 microscope. Final images were prepared using Adobe Photoshop 7.0. For cell surface concanavalin A binding, fixed confluent LDCs were labeled with 50 g/ml of concanavalin A prior to permeabilization (Molecular Probes; C11253) for 30 min at room temperature.
BrdU incorporation and Tr-EGF internalization. For BrdU experiments, coverslips containing confluent LDCs were labeled with 20 M BrdU for 12 h and DNA was denatured and prepared for immunofluorescence. To monitor Texas Red-labeled epidermal growth factor (Tr-EGF) internalization, coverslips containing confluent LDCs were serum starved in 1% bovine serum albumin in Dulbecco's modified Eagle medium for 4 h, incubated for 1 h at 37°C with 2 g/ml Tr-EGF (Molecular Probes; E3480), and prepared for immunofluorescence.
IP. Immunoprecipitation (IP) of late confluent LDCs was performed as described in reference 7. To facilitate the coimmunoprecipitation of insoluble membrane proteins, we included n-octyl-␤-D-glucopyranoside (Calbiochem) in the extraction buffer to further extract insoluble-membrane domains. Total membrane extracts and total cell lysates were isolated via lysis of total membrane pellets and total cell pellets, respectively, in Triton X-100 lysis buffer containing 60 mM n-octyl-␤-D-glucopyranoside. The following amounts of antibody were used for each IP: 3 g anti-NHE-RF1 (ab3452), 2 g anti-E-cadherin (610182), 6 g anti-EGFR (Ab-17), and 5 l antiezrin (ascites MMS-143R).
Cell surface biotinylation. Late confluent LDCs were cooled at 4°C for 15 min and then incubated with 0.5 mg/ml of biotin {EZ-Link sulfo-NHS-LC-biotin [sulfosuccinimidyl-6-(biotinamido)hexanoate]; Pierce} in PBS for 1 h at 4°C. After LDCs were washed in PBS, the remaining biotin was quenched in 50 mM NH 4 Cl, 1 mM MgCl 2 , and 0.1 mM CaCl 2 buffer in PBS for 10 min, washed with PBS, and either harvested immediately (time zero) or shifted to 37°C in full serum for 30 min and harvested on ice. Biotin pull-downs were performed with total membrane extracts by first preclearing extracts in 20 l of protein G beads and then using 25 l immobilized neutravidin biotin binding protein beads (Pierce).
RESULTS
The extreme N terminus of merlin is required for correct membrane distribution. The FERM domain is known to mediate association with membrane proteins. Despite strong conservation across their N-terminal FERM domains merlin and the ERM proteins exhibit distinct localizations and solubilities, suggesting that other features within the protein could confer discrete membrane distribution. Closer inspection of the sequences of merlin and the ERM proteins revealed an N-terminal extension that is present, with various sizes, in the proteins encoded by all known NF2 orthologues but none of the ERM orthologues ( 18-595 is present in the Triton X-100-insoluble fractions while Nf2 L64P is enriched in the cytosol. TCL, total cell lysate; Cyt, cytosol; TX Sol, Triton X-100 soluble; TX Insol, Triton X-100 insoluble; pellet, remaining insoluble pellet. Samples were probed with an antiactin antibody to control for loading. membrane compartments (Fig. 1B) . In contrast, although well represented in the soluble membrane, Nf2 18-595 is conspicuously absent from the Triton X-100-insoluble membrane and remaining insoluble pellet (Fig. 1B) . The levels of Nf2 L64P , a version of merlin carrying a patient-derived missense mutation that disrupts the architecture of the FERM domain, are diminished in both the soluble-and insoluble-membrane compartments, and the protein is largely cytosolic (Fig. 1B ; see below) (7, 25) . Similar distributions were seen in Nf2 Ϫ/Ϫ immortalized fibroblasts (see Materials and Methods) into which Nf2 wt , Nf2 , and Nf2 L64P were reintroduced ( Fig. 1B ; not shown). It is unlikely that the behavior of Nf2 18-595 is due to an improperly folded FERM domain, as structural analysis reveals that residues 1 to 19 of merlin form a disordered Nterminal extension (20, 46) .
As in other cell types, merlin exhibits a diffuse localization with marked concentration along cell-cell boundaries in LDCs (Fig. 1C) . Notably, both the diffusely distributed and cell-junctional Nf2 wt are completely resistant to detergent extraction or simultaneous fixation/extraction (see Fig. 4A , E, and H and Materials and Methods). In contrast, Nf2
18-595 exhibits a diffuse distribution across the cell but fails to concentrate at cell-cell boundaries in LDCs ( Fig. 1C; see below) . This pattern of localization is similar to that of Nf2 L64P (Fig. 1C) . However, while Nf2
18-595 is partially resistant to simultaneous fixation/ extraction, Nf2 L64P is completely removed by these conditions (see Fig. 4D ; not shown); this is consistent with the biochemical analysis described above and suggests that Nf2 18-595 can localize to the membrane but remains soluble while Nf2 L64P is largely cytosolic. Thus, amino acids 1 to 17 are not required for localization of merlin to the membrane per se, but they are required for the retention of merlin in a Triton X-100-resistant (insoluble) membrane compartment and for consequent junctional enrichment. In fact, junctional enrichment of merlin is dependent upon an intact FERM domain, as neither Nf2 L64P nor a fusion protein consisting of Nf2 residues 1 to 17 appended to the N terminus of green fluorescent protein is enriched at cell-cell boundaries ( Fig. 1C ; not shown). It is formally possible that disruption of the FERM domain, as in Nf2 L64P , impairs the ability of residues 1 to 17 to confer proper membrane localization to merlin.
Correct membrane distribution of merlin is required for contact-dependent inhibition of proliferation. Increasing evidence indicates that merlin confers growth suppression in a contact-dependent manner (7, 18, 25, 35, 45) . To determine whether localization of merlin to the insoluble membrane is necessary for contact-dependent inhibition of proliferation, we examined the ability of Nf2 to restore contact-dependent inhibition of proliferation to Nf2 Ϫ/Ϫ LDCs. In contrast to Nf2 wt , which almost completely prevented BrdU incorporation in confluent LDCs, Nf2 , like Nf2 L64P , had little to no effect on BrdU incorporation in contacting Nf2 Ϫ/Ϫ LDCs or immortalized fibroblasts ( Fig. 2A and B ; not shown). Importantly, reintroduction of Nf2 wt , but not Nf2 18-595 also restored contact-dependent inhibition of proliferation to primary Nf2 Ϫ/Ϫ Schwann cells, the key cell type affected in human NF2 patients (Fig. 2E) . Thus, localization to the insoluble-membrane compartment is necessary for merlin-mediated contactdependent inhibition of proliferation in both epithelial and mesenchymal cells.
Merlin associates with and downregulates EGFR from an insoluble-membrane compartment. Our recent studies suggest that, upon cell contact, merlin retains EGFR in an insolublemembrane compartment from which it can neither signal nor internalize (7) . This predicts that merlin itself must reside in the insoluble membrane in order to affect EGFR membrane distribution and signaling; Nf2
18-595 provides a valuable tool with which to test this hypothesis directly. Therefore, we asked whether Nf2 , like Nf2 wt , can prevent EGFR internalization. As we had previously observed, Nf2 wt expression prevented Tr-EGF internalization in confluent LDCs; however, Nf2 , like Nf2 L64P , had little effect on Tr-EGF internalization ( Fig. 2C and D) (7) . As shown below, Nf2
wt , but not Nf2 , downregulates the steady-state levels of active EGFR and its key downstream effectors, including cyclin D1, a known target of merlin (Fig. 2F) (51) .
Importantly, Nf2 18-595 also failed to associate with EGFR or with NHE-RF1, which mediates the association between merlin and EGFR by interacting directly with both ( Fig. 3A and B) (7, 26, 37) . The residues required for ERM-NHE-RF1 interaction have been mapped to the surface of the F3 lobe of the FERM domain (11, 49) , indicating that residues 1 to 17 of merlin do not interact directly with NHE-RF1 but instead likely direct merlin to a membrane compartment where it can associate with NHE-RF1 and consequently with EGFR. We found that Nf2 18-595 also does not associate with E-cadherin, suggesting that the association between merlin and E-cadherin, which may precede the association of merlin with NHE-RF1-EGFR, normally occurs in the insoluble-membrane compartment (Fig. 3C) . In fact, in contrast to Nf2 wt , Nf2 18-595 failed to associate with any biotinylated surface proteins in confluent LDCs (Fig. 3D) , suggesting that residues 1 to 17 are required for the association of merlin with any surface receptors. Notably, Nf2
18-595 does retain the ability to associate with ezrin, suggesting that Nf2-ezrin heterodimerization is not limited to the insoluble-membrane compartment and can occur in the absence of association with surface receptors (Fig. 3E) . Regulated phosphorylation of serine 518 (S518) has been shown to control the localization and activity of merlin (22, 44, 45) . However, we found that both hyper-and hypophosphorylated versions of merlin are associated with EGFR and with biotinylated surface proteins, suggesting that binary models of phosphorylation-or dephosphorylation-induced translocation to the membrane are oversimplified for merlin. Indeed, unlike Nf2 L64P , Nf2 can be phosphorylated at residue S518 (hyperphosphorylated), indicating that neither localization to the insoluble membrane nor association with surface receptors is required for S518 phosphorylation. Together, these data are consistent with a model wherein recruitment of merlin to an insoluble surface membrane compartment via residues 1 to 17 facilitates interaction with NHE-RF1-EGFR, which, in turn, prevents the internalization of and signaling from EGFR.
Merlin localizes to the apical cortical actin network. The studies described above indicate that localization to an insoluble-membrane compartment is critical for the growth-inhibiting activity of merlin. Insolubility within the membrane compartment can reflect residence in so-called lipid raft domains and/or association with the actin cytoskeleton (reviewed in reference 27). Indeed, merlin has been reported to localize to the cortical actin cytoskeleton, to detergent-resistant mem- (17, 25, 28, 30, 41, 48) . Merlin concentrates in cortical actin-rich structures such as cell-cell boundaries, filopodia, and membrane ruffles. In epithelial LDCs, Nf2 wt exhibits both a concentrated localization along cell-cell boundaries and a diffuse detergent-resistant localization throughout the cell. Examination of the distribution of Nf2 wt at higher resolution revealed that this diffuse appearance actually reflects localization to the cortical cytoskeletal "network" (membrane cytoskeleton) that band 4.1 and the ERM proteins anchor to the plasma membrane ( Fig. 4A and E; see Fig. S2C in the supplemental material) (6, 16, 34) . Consistent with this interpretation, the network localization of merlin does not coincide with markers of the endoplasmic reticulum, Golgi apparatus, intermediate filaments, or microtubules but instead substantially coincides with the cortical network decorated by green fluorescent protein-actin (see Fig.  S3 in the supplemental material). Indeed, the integrity of the merlin-decorated cortical network is markedly altered by the actin-disrupting drug jasplakinolide (Fig. 4G) . Endogenous ezrin decorates the same network although, in contrast to Nf2 wt , ezrin is removed under more-stringent detergent conditions (Fig. 4B, C, F, and I) . Merlin localizes to a similar network in fibroblasts, epithelial keratinocytes, and MadinDarby canine kidney (MDCK) cells (see Fig. S2A and B in the supplemental material; not shown). As shown in Fig. 4K , NHE-RF1 localizes to a similar network although, like ezrin, its localization is detergent sensitive, necessitating the use of milder fixation conditions. Confocal microscopy reveals the apical position of this network where Nf2 wt colocalizes with both ezrin and concanavalin A (Fig. 4L) . Notably, Nf2 wt is markedly more concentrated in the apical junction region than ezrin in these cells (Fig. 4E, F , and L and 5B). The localization of ezrin to this network is not dependent on endogenous merlin or displaced by exogenous merlin, indicating that merlin is not required for network formation or integrity and that merlin and ezrin do not compete for network binding (Fig. 4E and F) . Importantly, this network is distinct from the established localization of ezrin to apical microvilli as LDCs (and fibroblasts and keratinocytes) have few apical microvilli (not shown).
Importantly, we found that Nf2 18-595 exhibits a more punctate localization to the cortical network ( Fig. 4D; see Fig. S2D in the supplemental material). Furthermore, the network localization of Nf2 , like that of ezrin but unlike that of Nf2 wt , is removed by more-stringent detergent conditions (Fig. 4J) . Interestingly, confocal microscopy reveals that Nf2 18-595 also fails to be apically restricted and, instead, extends basally without enrichment at cell-cell junctions, consistent with its inability to associate with surface receptors (Fig. 4L) . Taken together, these results suggest that stable localization to the apical and apicojunctional cortical cytoskeleton is mediated by the N terminus of merlin and is important for the functional activity of merlin.
The N-terminal residues of merlin are sufficient to confer insoluble membrane localization but not tumor suppressor function to ezrin. Given that removal of the N-terminal residues of merlin alters its membrane distribution and solubility, we asked whether those residues constitute a membrane localization determinant that is sufficient to alter the localization of ezrin. Subcellular fractionation reveals that both endogenous ezrin and exogenous ezrin are primarily soluble (Fig. 5A) . However, expression of a version of ezrin onto which the Nterminal residues of merlin have been N-terminally appended, Ez , revealed that a substantial pool of this fusion protein is now present in the insoluble-membrane fractions and enriched at cell-cell boundaries (Fig. 5A and B) , mirroring the distribution of Nf2 wt ( Fig. 1B and C) . Importantly, Ez was not able to restore contact-dependent inhibition of proliferation in Nf2 Ϫ/Ϫ LDCs and immortalized Nf2 Ϫ/Ϫ fibroblasts or prevent Tr-EGF internalization in Nf2 Ϫ/Ϫ LDCs ( Fig. 5C ; not shown), suggesting that the growth-suppressing activity of merlin is mediated by additional features that are not conserved in the ERM proteins.
Membrane targeting via the N-terminal residues of merlin. The N-terminal residues of merlin could mediate association FIG. 3 . The N terminus of merlin is essential for merlin interaction with membrane-associated proteins. (A) IP of EGFR from total membrane extracts revealed that Nf2 wt , but not Nf2 or Nf2 L64P , associates with the EGFR. Both Nf2 wt and Nf2 are present in the total membrane extracts, but Nf2 L64P , which is largely cytosolic, is not. (B) IP of NHE-RF1 from total cell extracts (tce) revealed that Nf2 wt , but not Nf2 18-595 , associates with NHE-RF1. Total immunoglobulin G (IgG), representing the NHE-RF1 IPs, is shown as NHE-RF1 runs at the same 50-kDa molecular mass as the IgG heavy chain. (C) IP of E-cadherin from total membrane extracts revealed that Nf2 wt , but not Nf2 or Nf2 L64P , associates with E-cadherin. (D) Surface proteins in confluent Nf2 Ϫ/Ϫ LDCs or in LDCs expressing pBMN-Nf2 wt or -Nf2 18-595 were labeled with biotin and collected at 0 or 30 min after release to 37°C. Biotin pull-downs from total membrane extracts revealed that, in contrast to Nf2 wt , Nf2
18-595 fails to associate with any surface proteins at either time point. (E) IP of ezrin from total cell extracts revealed that Nf2 18-595 retains the ability to interact with ezrin. n Ն 3. wt colocalizes with apically distributed concanavalin A (ConA; a lectin that binds polysaccharides on the cell surface) and ezrin (an established apical marker); Nf2 wt is also enriched at cell-cell boundaries (arrowheads). However, careful examination revealed that Nf2 is not retained at the apical compartment and instead extends basally; Nf2 18-595 also fails to be enriched at cell-cell junctions (arrowheads). Little overlap is seen between apically distributed Nf2 wt and the basal marker, paxillin; in contrast, Nf2 with proteins that reside in the insoluble membrane or confer direct association with the insoluble membrane. Close inspection reveals a cluster of positively charged residues and several serines within this sequence ( Fig. 6A ; see Fig. S1A in the supplemental material); both features are conserved among merlin orthologues. Notably, both features are also present in the N-terminal residues of Src that are known to contribute to its membrane association (see Fig. S1B in the supplemental material). Indeed, electrostatic interaction between N-terminal positively charged amino acids and negatively charged membrane phospholipids has been shown to mediate the association of several proteins with the membrane including Src and the MARCKS (myristoylated alanine-rich C kinase substrate) protein (reviewed in reference 39). Reasoning that these residues could similarly be important for localization of merlin to the insoluble membrane, we generated a version of merlin in which these residues have been changed to neutral alanines (Nf2 15-17A ) and compared its biochemical distribution to that of Nf2 wt in LDCs. We found that Nf2 15-17A , like Nf2 18-595 , was markedly underrepresented in the Triton X-100-insoluble fractions (Fig. 6B) , suggesting that electrostatic interactions may play a role in targeting merlin to the membrane.
Membrane association of Src is disrupted by phosphorylation of this N-terminal membrane localization determinant (reviewed in reference 39). Indeed, mass spectrometry suggests that all of the four serines (S7, S10, S12, and S13) present in the first 17 residues of merlin can be phosphorylated (not shown). Therefore, we generated a version of merlin contain- Ϫ/Ϫ fibroblasts with and without exogenous ezrin (Ez) or Ez revealed that neither endogenous (long exposure) nor exogenous ezrin is enriched in the insoluble fractions; however, Ez Nf21-18 is specifically enriched in the insoluble fractions. The same extracts were probed with an anti-Nf2 antibody (sc-331) that recognizes residues 1 to 18 of merlin (NT Nf2); only the Ez Nf21-18 protein is detected. TCL, total cell lysate; Cyt, cytosol, TX Sol, Triton X-100 soluble; TX Insol, Triton X-100 insoluble; pellet, remaining insoluble pellet. Samples were probed with an antiactin antibody to control for loading. , exhibited decreased membrane staining and representation in the Triton X-100-insoluble pool ( Fig. 6B and C) . In contrast, a version of merlin containing nonphosphorylatable residues (Nf2 S7-13A ) exhibited a localization and profile of detergent solubility that are similar to those of Nf2 wt ( Fig. 6B and C) . Thus, phosphorylation of this 17-residue membrane localization determinant may regulate the targeting of merlin to the insoluble-membrane compartment under certain conditions.
DISCUSSION
Recent evidence from Drosophila and mammalian cells supports a role for merlin in controlling the surface abundance of certain membrane receptors including EGFR (7, 29) . However, the molecular basis of this activity is not yet clear. Our previous studies indicate that, upon cell contact, merlin associates with EGFR via NHE-RF1 and retains EGFR in an insoluble-membrane compartment. Here we report that the extreme N-terminal amino acids of merlin, which form an unstructured extension that is not part of the FERM domain, specifically direct merlin to the Triton X-100-insoluble membrane, providing a valuable tool with which to explore the molecular basis of how merlin controls EGFR from this compartment. Indeed, we found that a version of merlin lacking these residues (Nf2 ) fails to mediate contact-dependent inhibition of proliferation or to inhibit EGFR internalization and signaling. Importantly, the N-terminal residues of merlin conferred insoluble-membrane localization and junctional enrichment to ezrin, but Ez Nf21-18 could not functionally substitute for merlin, suggesting that differences in membrane distribution alone appear not to account for the functional distinctions between merlin and the ERM proteins.
Several models could explain how the N-terminal 17 residues of merlin confer localization to cell-cell boundaries and stable association with the cortical actin network. First, these residues could mediate association with certain adhesion receptors/complexes, which, in turn, stabilizes cortical cytoskeleton association. Alternatively, the requirement of the N-terminal residues for stable association with the cortical cytoskeleton could be a prerequisite for association with junctional components given the continuum between the apical and junctional cortical cytoskeletons. Notably, the apical terminal web of intestinal enterocytes is a specialized cortical cytoskeleton that is firmly anchored to apical junctions; ezrin is required for proper maintenance of this structure (42) . Importantly, endogenous ezrin and NHE-RF1 also decorate the cortical actin cytoskeleton but in a detergent-sensitive manner, suggesting that association with the cortical actin cytoskeleton per se does not render merlin insoluble. Finally, direct association between residues 1 to 17 and the lipid bilayer could direct merlin to the insoluble apical and junctional membrane compartment, where it stably associates with the cortical cytoskeleton and with surface receptors. In fact, this stretch of amino acids bears striking similarity to the N terminus of Src, which is known to contribute to its direct anchorage in the insoluble membrane (reviewed in reference 39) (see Fig. S1B in the supplemental material). We found that, as for Src, several charged residues within this segment are important for merlin localization to the insoluble-membrane compartment and that 
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15-17A revealed that both Nf2 S7-13D and Nf2 15-17A are underrepresented in the insoluble fractions. TCL, total cell lysate; Cyt, cytosol; TX Sol, Triton X-100 soluble; TX Insol, Triton X-100 insoluble; pellet, remaining insoluble pellet. Immunoblotting with an antiactin antibody served as a loading control. (C) Immunostaining of confluent Nf2 Ϫ/Ϫ LDCs expressing pBMN-Nf2 wt , -Nf2 S7-13D , or -Nf2 S7-13A revealed that Nf2 S7-13D failed to concentrate at cell-cell boundaries. Bar ϭ 10 m. n Ն 3. resident serines can be phosphorylated, providing a potential mechanism for regulating the membrane distribution of merlin.
The ERM proteins associate with the actin cytoskeleton via a conserved C-terminal motif that is not present in merlin. Indeed, the nature of the physical association between merlin and the actin cytoskeleton is unclear; notably, one study reported that a peptide representing the N-terminal 27 amino acids of merlin can cosediment with actin, as could polypeptides representing other portions of merlin (3) . Neither merlin nor the ERM proteins localize to actin stress fibers; instead, the ERM proteins provide flexible anchorage between the membrane and cortical actin cytoskeleton (4, 6) . Our observation that merlin also decorates the cortical actin network in epithelial cells is consistent with the reported localization of merlin in cultured meningioma cells by electron microscopy (17) . Indeed the ability to visualize this structure by immunofluorescence localization of merlin/ERMs will facilitate an investigation of its properties given that the thin filaments of the cortical cytoskeleton are not easily detected by phalloidin.
Many studies support a key role for this cortical network in controlling the lateral mobility of certain membrane receptors (reviewed in references 23, 24, and 34 and references therein). However, it is not clear whether it does so by physically tethering the receptors or by forming a physical barrier to the lateral diffusion of untethered receptors or both. The compartment diameter outlined by merlin/ERMs in these cells is ϳ0.1 to 1 M, which is within the range of sizes estimated by electron microscopy in other cell types (reviewed in references 6, 23, 24, and 34). Notably, it has been shown that the lateral mobility of fluorescently labeled lipids increases with jasplakinolide treatment in other cell types, and it was predicted that jasplakinolide treatment yielded aberrantly larger cortical network compartments (36) . In perfect agreement with this, we discovered that jasplakinolide treatment led to markedly larger compartments within the merlin-decorated network (Fig. 4G) . Jasplakinolide stabilizes actin filaments in vitro but exhibits more-complicated actin-disrupting properties in vivo (5); the cortical actin meshwork is particularly sensitive to the effects of jasplakinolide at the time point and concentration used here. Importantly, NHE-RF1 itself has been reported to slow the lateral diffusion of certain receptors, including the cystic fibrosis transmembrane conductance regulator, in a manner dependent upon its ERM (and merlin)-binding domain (1, 15) . Perhaps by decorating the cortical network, merlin/ERMs are poised to transiently "trap" NHE-RF-associated receptors, preventing their lateral mobility and signaling. Local activation of merlin/ERMs would therefore be a powerful way to confer spatial and temporal regulation to certain membrane receptors in response to extracellular signals.
